A long-standing goal of evolutionary biology is to understand the mechanisms 3 underlying the formation of species. Of particular interest is whether or not speciation can 4 occur in the presence of gene flow and without a period of physical isolation. Here, we 5 investigated this process within Hawaiian Metrosideros, a hyper-variable and highly 6 dispersible woody species complex that dominates the Hawaiian Islands in continuous 7 stands. Specifically, we investigated the origin of Metrosideros polymorpha var. newellii 8 (newellii), a riparian ecotype endemic to Hawaii Island that is purportedly derived from 9 the archipelago-wide M. polymorpha var. glaberrima (glaberrima). Disruptive selection 10 across a sharp forest-riparian ecotone contributes to the isolation of these varieties and is 11 a likely driver of newellii's origin. We examined genome-wide variation of 42 trees from 12 Hawaii Island and older islands. Results revealed a split between glaberrima and newellii 13 within the past 0.3-1.2 million years. Admixture was extensive between lineages within 14 Hawaii Island and between islands, but introgression from populations on older islands 15 (i.e. secondary gene flow) did not appear to contribute to the emergence of newellii. In 16 contrast, recurrent gene flow (i.e. primary gene flow) between glaberrima and newellii 17 contributed to the formation of genomic islands of elevated absolute and relative 18 divergence. These regions were enriched for genes with regulatory functions as well as 19 for signals of positive selection, especially in newellii, consistent with divergent selection 20 underlying their formation. In sum, our results support riparian newellii as a rare case of 21 incipient ecological speciation with primary gene flow in trees.
116
an archipelago-wide analysis of SSR variation in Hawaiian Metrosideros suggested that it 117 may have arisen from glaberrima on the prehistoric island of Maui nui, comprising 118 modern-day Maui, Lanai, Molokai, and Kahoolawe (≤1.8 mya [79, 80] ).
119
We investigated the demographic history of M. polymorpha during its 120 colonization of Hawaii Island, the relationship between newellii and glaberrima, and the 121 genomic regions that were involved in the origin of newellii. We found evidence of 122 extensive admixture between close and divergent lineages, including evidence that 123 incipient speciation between glaberrima and newellii is consistent with a speciation-with-124 primary-gene-flow model. Examination of the genomic islands of divergence that formed 125 during incipient speciation revealed evidence of positive selection on genes associated 126 with the regulation of gene expression, consistent with the origin of newellii through 127 disruptive selection across a forest-riparian ecotone. We estimate that newellii emerged were greater than 100,000 bps (totaling 285 Mbp of the 304-Mbp genome assembly) to 140 avoid analyzing potential repetitive regions in unassembled contigs.
142
Population structure of glaberrima and newellii on Hawaii Island. Because of the 143 varying sequence depth among individuals, population relationships were examined using 144 a complete probabilistic approach to account for the uncertainty in genotypes [82, 83] .
145
Polymorphic sites were pruned randomly to minimize the effect of linkage between 146 physically close sites.
147
Using the ADMIXTURE method [84, 85] , ancestry proportions for each 148 individual were estimated by varying the assumed number of ancestral populations (K)
149 from 2 to 7 (S1 Fig) . At K=2, individuals were largely divided into two groups 150 representing the two varieties ( Fig 1B) . Principal components analysis (PCA) 151 corroborated the K=2 ancestry result with the first component dividing the individuals by 152 variety ( Fig 1C) . The phylogenetic analysis also revealed a near-complete division of 153 individuals by variety ( Fig 1D) .
154
Genetic structure was observed within each variety as well (Fig 1) . We used 155 monophyly ( Fig 1D) to identify three core groups (G H1 , G H2 , and N). G H1 comprised eight 156 glaberrima trees from the Alakahi Bog on Kohala Volcano that formed a separate cluster 157 in the principal component space ( Fig 1C) and showed a unique ancestry in the 158 ADMIXTURE analyses with higher K values ( Fig 1B) . G H2 comprised four closely 159 spaced glaberrima trees situated alongside newellii at Kalohewahewa Stream. These four 160 individuals, along with three others at the Wailuku_A site (E70, E72, E74) were 161 glaberrima trees sampled immediately adjacent to newellii trees along waterways ( Fig  1A) . Phylogenetically, G H2 was sister to newellii ( Fig 1D) and in principal component 163 space was closer to newellii than was G H1 ( Fig 1C) . The ancestry proportions for G H2 164 were inconsistent across K values, but the results for K=2, 3 and 4 indicated that ancestry 165 of G H2 included newellii and a glaberrima population that was not related to G H1 .
166
Group N comprised 14 individuals of newellii that occur along the largest 167 waterway on Hawaii Island, the Wailuku River. While individuals from the N group 168 clustered together in principal component space ( Fig 1C) , there was evidence of 169 substructure within the group. Trees from the most up-river population (Wailuku_A)
170 were most diverged in the phylogenetic tree and formed their own cluster at higher K 171 values (K=4 and 5; Fig 1B) .
172
Among the individuals excluded from these three monophyletic groups were two 173 glaberrima trees (E70 and E74) that were genetically similar to glaberrima from Molokai 174 despite occurring alongside the most divergent newellii subpopulation (i.e., Wailuku_A;
175 Fig 1) . Hence, there may be further genetic structure with both varieties on Hawaii 176 Island, but low sample sizes from these additional subgroups precluded further analysis.
177 Lastly, two trees, H439 and H493, from northern waterways were phenotypically 178 characterized as newellii, but were more closely related to the glaberrima group, and a 179 single phenotypically defined glaberrima (E72) grouped within newellii (Fig 1) . 194 tremuloides as the outgroup, we conducted sliding-window analyses and in each window 195 quantified the taxon topology weight, which is a count of all of the unique sub-trees 196 within which a single individual of each taxon is represented. Initially, results showed 197 that regardless of the outgroup used, no single topology dominated the weighting ( Fig   198 2A ), suggesting that many variants are shared among G H1 , G H2 , and N. The choice of 199 outgroup, however, did affect the majority topology. Specifically, with G M or M. rugosa 200 as the outgroup, the topology that grouped N and G H2 as sisters had the highest weighting 201 (Fig 2A dotted box) . In contrast, with M. tremuloides as the outgroup the topology that 202 grouped N and G H2 as sisters had the lowest weighting, consistent with admixture 203 between M. tremuloides and either G H2 or N.
204
Admixture among the three Hawaii Island populations and each of the outgroup 205 populations was examined using treemix [87] by fitting migration edges on a bifurcating 206 tree ( Fig 2B) . The initial treemix tree with zero migration recapitulated the population 207 relationships recovered using the topology-weighting method, while the treemix graphs
We then tested if different proportions of the ancestral population contributed to 254 G H1 and N, specifically testing whether N was derived from a smaller ancestral 255 proportion than G H1 (i.e. an island model [94] ). Seven different scenarios (S8 Fig) were 256 tested, and all models indicated almost equal proportions of the ancestral population 257 contributed to G H1 and N (S5 Table) . Further, the best-fitting scenario was still less fit 258 than the model of a simple split with continuous asymmetric gene flow (ΔAIC=5.42 and 259 S6 Table) , suggesting no evidence of a vicariance-like event between G H1 and N.
260
We also used dadi to estimate the demography between G H2 and N by testing the Table) , and the resulting unscaled divergence time (T) almost overlapped 264 the bootstrap confidence interval of the divergence time for G H1 and N.
265
The T between G H1 and N can be converted to years (i.e. scaled divergence time 266 (τ)) with a mutation rate and generation time, both of which are unknown for 267 Metrosideros. Hence, we estimated τ assuming a range of mutation rates (Arabidopsis 268 mutation rate = 7×10 -9 [95], Prunus mutation rate = 9.5×10 -9 [96]) and generation times 269 reasonable for these trees ( Fig 3B) . τ varied the most at lower mutation rates, but within 270 previously known plant mutation rates (>7×10 -9 mutations per bp per generation) all 271 estimated divergence times were within 1.25 million years regardless of generation time. that islands of divergence are shared between G H2 and N. Between G H2 and N, however,
284
D xy was significantly lower in the genomic islands identified between G H1 and N (S5 285  Table) .
286
Levels of polymorphism were significantly lower in genomic islands relative to 
299
We then examined if the secondary contact between G H1 and/or N and outgroup 300 populations on older Hawaiian Islands (G M , M. rugosa, and M. tremuloides) had 301 contributed to the formation of the genomic islands of divergence. If secondary gene flow 302 was recurrent, the genomic islands of divergence identified between G H1 and N would 303 also have elevated D xy levels between G H1 or N and the relevant outgroup. However, no 304 such effect was observed (S9 Table) , suggesting that sufficient levels of genome-wide 305 divergence had eroded the genomic islands in allopatric comparisons [30] . We then 306 further examined the N group because of its extensive evidence of admixture with 307 outgroup species, in particular M. tremuloides, and its incipient speciation status. We 312 tremuloides in the region. There was no significant difference in f 4 statistics between the 313 genomic islands of divergence and the genomic background. In addition, we calculated 314 the genic proportion of each window to examine if the admixture had affected coding 315 sequences more than non-coding regions, suggesting a role for selection maintaining the 316 introgression. No significant correlation was seen between the proportion of gene 317 sequence per window and either positive or negative f 4 statistics (S10 Fig) . These results, 318 in the end, suggested that secondary contact with allopatric lineages did not contribute to 319 the incipient speciation of N.
320
Gene ontology (GO)-enrichment analysis was conducted for the 341 genes (S10 321 
364
The divergence time between glaberrima and newellii was estimated to be 365 between 347-695 kya (assuming a mutation rate of 7×10 -9 bp per site per generation and 366 generation time of between 10 to 20 years). This time frame coincides roughly with the 367 geological age of Hawaii Island, which formed ~500 kya [79] , and is consistent with an 
466
Treemix version 1.13 [87] was used to fit migration edges on a bifurcating tree.
467
We thinned the polymorphism data by randomly sampling a SNP every 1 kbp using plink were generated using two different approaches: 1) using ANGSD to calculate the 476 likelihood of the sample allele frequency followed by realSFS from the ANGSD package 477 to calculate the expected number of sites within a given allele frequency based on that 478 likelihood, and 2) using the genotype calls to calculate the allele frequency. With analysis" were used to calculate the site allele frequency. With the genotype call dataset 481 we randomly sampled a SNP every 10 kbp using plink and used this thinned variant call 482 dataset. The script easySFS.py (https://github.com/isaacovercast/easySFS) was then used 483 to generate the site frequency spectrum and choose the best sample size to project down 484 and maximize the number of segregating sites to be analyzed.
485
Optimization of the model parameters was performed through 4 rounds of 486 randomly perturbing the parameter values using the Nelder-Mead method. In the first 487 round, random starting parameters were three-fold perturbed for a total of 10 replicates 488 with a maximum of 3 iterations. Each optimized parameter was then used to simulate the 489 2D-SFS, and a multinomial approach was used to compare and estimate the log- 
510
Divergence time between G H1 and N was a main parameter of interest, and the 511 unscaled divergence times, T, were converted into years using the following equation:
where N anc is the ancestral population size and g is the generation time in years. N anc is 514 unknown but can be inferred from the effective mutation rate θ (4N anc μL, where μ is the 515 mutation rate and L is the total length of the sequenced region that was examined to 516 analyze the SNPs), which was calculated by dadi in the optimal demographic model.
517
Here, the previous equation can be rewritten as:
For L, ANGSD had analyzed 280,279,511 positions to detect polymorphic sites in 
535
Using the genotype calls, plink was used to calculate linkage disequilibrium (LD).
536
LD was measured in squared correlations (r 2 ) between polymorphic sites that were less 537 than 3 kbp apart. 
555
An ontology could be assigned to 12,448 genes out of the total 37,956 gene models. We 556 required an ontology to have more than 1 gene group member for further consideration.
557
Gene ontology enrichment was tested through a hypergeometric test. 
